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Abstract
In human observers, cue-induced visual attention (‘bottom-up’ transient focal attention) shortens the latency of perception.
Metacontrast reduces the intensity of perception and can even obliterate it. We show that a close relationship exists between both,
but that their effects are reversed: cue-induced visual attention not only shortens latency but also intensifies perception, and
metacontrast not only lowers intensity of perception but also prolongs latency. A common neurophysiological mechanism for
both is possible. Indirect evidence suggests that this could be a subthreshold modulation of neuronal thresholds by de- and
hyperpolarization. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction
The concept of attention comprises different phe-
nomena. The following three are considered major at-
tentional functions: (i) orientation towards sensory
stimuli, particularly locations in visual space; (ii) detec-
tion of target events, whether sensory or from memory;
and (iii) maintenance of the alert state (Posner, 1995).
Here we will deal with the first one: orientation towards
locations in visual space.
When a person is cued to attend to location, events
that occur at that location are responded to more
rapidly, give rise to enhanced cortical electrical activity
(evoked potentials), and can be reported at lower
thresholds (Posner, 1995). In addition, within an area
immediately surrounding the cue, called the focus of
attention, the ability to correctly discriminate targets
like different letters (Kro¨se & Julesz, 1989) or different
orientations of lines (Nakayama & Mackeben, 1989) is
improved.
Attentional responses can be produced by a variety
of cues. Two cases have to be distinguished: in one of
them only the information on location, as mediated by
the cue, is considered to be relevant for creating the
focus of attention; the cue’s physical parameters are
irrelevant. Actually, it can even be sufficient just to
attend mentally to a blank region on a monitor without
any cue in order to create a focus of attention and to
dramatically improve the accuracy of responses, for
instance in a target discrimination experiment
(Nakayama & Mackeben, 1989).
In other cases, the physical parameters of the cue
considerably modify the parameters of the focus of
attention. One example is the line motion illusion
(Hikosaka, Miyauchi & Shimojo, 1993): when a dot is
presented as a cue and 50 ms later a line is shown along
with the dot, the line appears to expand gradually to its
full size (Fig. 1). We show this figure from the literature
for comparison with a new paradigm which will be
presented later. The movement illusion results from the
fact that the latency-shortening effect is less pro-
nounced for the part of the object which is further away
from the cue. This type of attention has been called
‘bottom-up’ (Hikosaka et al., 1993; Steinman, Steinman
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& Lehmkuhle, 1995) or ‘transient focal attention’
(Nakayama & Mackeben, 1989); the type of attention
in which the physical parameters of the cue are irrele-
vant is called ‘top-down’.
It has been shown that the focus of attention gener-
ated by a dot, such as that produced in the line motion
illusion, has a center-surround organization (Steinman
et al., 1995), that the diameter of the focus of attention
depends upon the contrast of the cue, and that the
focus of attention generated by isoluminant cues (green
cue on red background) is weak, narrow and brief
(Steinman, Steinman & Lehmkuhle, 1997).
Visual focal attention generated ‘bottom-up’ illus-
trates that there is lateral facilitation between spatial
channels in the visual pathway. It is well known that
there is also lateral inhibition: perception of a visual
stimulus (a target) is reduced when a second stimulus is
subsequently presented in close spatial proximity to it.
This phenomenon is called metacontrast (see review by
Breitmeyer, 1984).
The prominent feature of ‘bottom-up’ visual atten-
tion is that it shortens the latency of perception, as
demonstrated by the line motion illusion. The dominant
phenomenon of metacontrast is that it reduces the
intensity of perception. Within the visual system there is
often a relationship between intensity and latency to
perception: the stronger the stimulus the shorter the
latency. Therefore it might well be that focal attention
shortens latency and thereby intensifies perception. In a
similar manner, metacontrast might reduce the intensity
of perception, and thereby prolong latency. Reaction
time measurements indicate that this is probably the
case. In a first attempt it was not possible to show that
reaction time was modified when stimuli were masked
by metacontrast (Fehrer & Raab, 1962). With an im-
proved method it was shown that metacontrast is capa-
ble of prolonging reaction time, although the effects
were fairly limited (Proctor, Bernstein & Schurman,
1974).
The aim of this paper is to show that there indeed is
a close relationship between visual focal attention of
the ‘bottom-up’ type and metacontrast and that both
affect the intensity and latency of perception, but with
opposite signs. A unifying concept will be developed
which explains both phenomena on the basis of the
same mechanism and which allows experimentally ve-
rifiable predictions to be made on the neural basis of
both phenomena.
2. Subjects and methods
The authors and three additional subjects (female 20,
27, male 28, 35, 63 years) served as observers. Patterns
as shown in the insets of Fig. 2 (Experiment 1), 4 and
5 (Experiment 2) were generated on the VSG 2:3 graph-
ics board (Cambridge Research Systems, Rochester,
UK) and presented for 25 ms (Figs. 2 and 4) or 10 ms
(Fig. 5) on a 21 in. monitor at 160 Hz. In general, one
of the presented patterns (Figs. 2 inset a, 4 inset b and
5 inset a) induced the effect investigated by asyn-
chronous onset of target and cue or mask, respectively.
The other pattern (Figs. 2 inset b, 4 inset a and 5 inset
b) served as a control pattern, in which observers
adjusted the intensity or velocity to match the displayed
effects. In panels Figs. 2 (inset b) and 4 (inset a) target
and mask were presented simultaneously. In Fig. 5b
phi-motion was generated (for details see figure cap-
tion). In all experiments, background luminance was 10
cd:m2 and luminance of the presented objects was 115
cd:m2. To adjust the perceived brightness related to the
illusion induced, the luminance in a test display (right
dot in Fig. 2b inset, intensity of C at the border
Fig. 1. Illusory line motion (Hikosaka et al., 1993; Steinman et al.,
1995). A line displayed near a dot acting as visual cue that appeared
50 ms previously (left) seems to ‘grow’ away from the cue (right). This
illusion is due to the focus of attention generated by the dot.
Fig. 2. Masking by metacontrast and enhancement of brightness by
visual focal attention. The arrangement shown in the inset was used
to quantify the masking and enhancement effects. On the left (inset a)
the mask (ring) and target (dot) are presented in sequence, so that the
target appears darker or brighter than the mask, even though both
components have the same luminance. On the right (inset b) the dot
and the ring are presented simultaneously and at the same time as the
mask in a; the subject adjusts the luminance of the dot in b so that it
seems to be equal to that presented in a. The experiment is repeated
for various delays between mask and target. Data are from four
observers. Each point was measured four times for each observer.
Points are means with standard errors of the mean.
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Fig. 3. Demonstration of two different types of line motion illusion in
the same paradigm. A longer line is displayed first, followed 50 ms
later by a shorter line (left). There was no gap between the neighbor-
ing edges of the two bars. Both lines seem to grow from left to right.
The shorter line grows because the longer line presented first acts as
a cue, generating a focus of attention, as in Fig. 1. The longer line
grows from left to right because the shorter line presented later acts
as a mask and generates metacontrast masking. The masking and
prolongation of latency is strongest close to the border between the
two lines. Therefore the longer line appears later the closer it is to this
border, and in addition it appears darker the more it approaches the
border.
then appears to be brighter than normal (Fig. 2). At
about 50 ms the target’s brightness reaches 150% of
the physical luminance of the target. Subjectively this
phenomenon is not as conspicuous as the decrease in
brightness resulting from the masking effect, as in our
conditions the 50% increase in brightness appeared less
dramatic than the 75% decrease.
3.2. Experiment 2: metacontrast prolongs the latency of
perception
3.2.1. Qualitati6e obser6ations
The experimental paradigm illustrated in the inset of
Fig. 2 allows us to measure the masking and enhance-
ment effects of the target and is optimized for showing
these effects. It is not suitable for showing modifica-
tions in the latencies of perception, however. In order
to illustrate that metacontrast masking prolongs latency
of perception we designed an experiment in analogy to
the line-motion experiment (Fig. 1). The experimental
paradigm is diagrammed on the left of Fig. 3. The
target, in the form of a line, appears first, and the mask,
presented after a variable time lag, is a somewhat
shorter line. Furthermore, both target and mask are
presented for only 10–50 ms (in contrast to the line
motion experiment of Fig. 1, where they are left on).
With this arrangement, the effects of focal attention
and of metacontrast can be demonstrated using a single
experimental paradigm. Presenting the target 50–100
ms before the mask elicits the two different movement
illusions shown on the right in Fig. 3. (i) Within the
mask (the shorter line on the right) a line motion
illusion similar to that illustrated in Fig. 1 (right) is
observed. (ii) In addition, subjects perceive motion in
the target (longer line, left) again also from left to right
as would be expected if metacontrast prolongs latency
to perception. The perceived elongation of the target is
accompanied by a darkening of the right end of the
target.
We interpret these observations as follows. (i) The
line (left) presented first in Fig. 3 acts as a cue for the
line (right) presented afterwards, creating a focus for
‘bottom-up’ attention; as such, it induces a line motion
illusion equivalent to that of Fig. 1. (ii) The line pre-
sented second in Fig. 3 acts as a mask for the first line,
and therefore reduces its perceived intensity. This is not
surprising and can be expected from what we know of
metacontrast. What is new and corresponds to the
prediction following from our hypothesis is that all
observers report a motion illusion within the left line.
This is not just the illusion of apparent motion trig-
gered by presenting two objects one after the other. The
experiment shows that the line presented second as a
mask increases the latency of perception of the first line,
the more so the closer the position of the first line is to
that of the second. The net effect amounts to a line
motion illusion within the line presented first.
between C and C* in inset of Fig. 4a) could be reduced
online by the observer as low as 1 cd:m2 by means of a
potentiometer. Similarly the velocity of phi-motion
(Fig. 5 inset b) could be adjusted online. In all displays
observers fixated a fixation cross with both eyes from a
distance of 110 cm.
An analysis of variance (ANOVA) was applied to the
phi-motion data with Fisher’s least significant differ-
ence procedure (LSD) as a post-hoc test (Statistica 5.1,
StatSoft Inc., Tulsa, OK, USA).
3. Results
3.1. Experiment 1: ‘bottom-up’ 6isual focal attention
intensifies perception
In order to demonstrate that cue-induced visual focal
attention intensifies perception we used a standard
metacontrast display (Fig. 2 inset a). We presented the
mask both after the target (metacontrast, positive onset
time differences on the abscissa) as well as before: mask
first, followed by the target (negative onset time differ-
ences). The relative luminance was adjusted by the
observers in the control panel (Fig. 2 inset b) to match
the brightness of the test panel (Fig. 2 inset a); this
relative luminance is given on the ordinate. The classi-
cal U-shaped metacontrast function with a maximal
suppression of perceived brightness at 50–75 ms onset
time difference (comparable to Alpern, 1953; Breit-
meyer, 1984) ensures that the parameters of our set-up
produce a significant masking effect (Fig. 2).
In the reversed order of presentation (negative onset
time difference) the mask presented first is called the
cue. It creates a focus of attention as in the line motion
experiment (Steinman et al., 1995), in particular at the
center of the ring. The target presented after the mask
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3.2.2. Quantification of metacontrast darkening
To make sure that in this unusual metacontrast
masking paradigm we get the classical U-shaped meta-
contrast masking function, we quantified the darkening
effect by means of the paradigm shown in the inset of
Fig. 4 (see legend), with results as shown in Fig. 4: the
darkening effect is maximal for delays of 25–80 ms, i.e.
in the same range as with a classical metacontrast
paradigm. There is a small difference between the two
functions at short delays (time difference 0–25 ms)
which is probably due to the differences between the
paradigms and does not invalidate our analysis (com-
pare Fig. 2 with Fig. 4).
3.2.3. Quantification of the metacontrast motion effect
The motion illusions qualitatively illustrated in Fig. 3
have been quantified in the following way: cue and line
or line and mask respectively, had the dimensions spe-
cified in the inset a of Fig. 5 and in the methods section.
Fig. 5. Quantification of line- and metacontrast motion illusions.
Inset a shows the display used to induce the line motion illusion (the
cue C was presented before the target line T, onset time difference
negative), as well as the metacontrast motion illusion (mask M
presented after the target line T, onset time difference positive).
Display inset b was used to quantify the motion illusions: target lines
(length 3.5°) were broken down into 16 segments of 0.22°. These
segments could be presented sequentially, generating different phi-
motion velocities from left to right or reverse: The frame rate of the
monitor was 160 Hz (6.25 ms per frame). One segment per frame
generated a phi-motion velocity of 35°:s, two segments per frame of
70; three segments per frame and one segment per frame of 100; four
segments per frame of 140; five segments per frame and one segment
per frame of 170; eight segments per frame of 280°:s. The line
presented as one segment at one time corresponds to infinite velocity.
Observers had to adjust the velocity of phi-motion in display b to
correspond to the observed illusionary motion in display a. Displays
a and b were presented in alternation every 2.5 s. In order to facilitate
observation and adjustment, observers could switch to the exclusive
presentation of display a or b instead of the alternating presentation.
In the graph the inverse angular velocity in seconds per degree is
plotted for different onset time differences (left linear ordinate). The
equivalent angular velocities in °:s are plotted on the right, non-linear
ordinate. The arrowheads at the right ordinate indicate the adjustable
phi-motion velocities except for the two lowest ones, which are not in
the range of the figure. Each point was measured five times for each
of the four observers. Points are means with standard errors of the
mean.
Fig. 4. Masking by metacontrast in a metacontrast line-motion
experiment. The subjective brightness at the border between the two
lines (Fig. 3) was determined for several onset time differences. An
adjusted luminance of 100% corresponds to synchronous presenta-
tion. Data are from three male observers (28, 35 and 63 years). Each
point was measured four times for each observer. Points are means
with standard error of the mean. Inset: Experimental paradigm to
quantify the strength of metacontrast masking at the border between
the lines. Subjects observed either the reference pattern (a) or the
target and mask setup (b) (each presented for 25 ms) in alternation.
In order to minimize involuntary eye movements not only one but
two horizontal bars were presented in each pattern, the two pairs of
bars separated by 4.5° with a fixation cross between the two bars in
each pair. The lines C and C* in the reference pattern (a) were always
presented simultaneously and at the same time as the target T in b.
The mask M was then presented with a delay in the range of 0–200
ms. In part a, the luminance of the dark wedge could be adjusted by
subjects to vary the contrast at the border between C and C*. At
contrast0, the relative luminance of C is 100% and equal to that of
C*. Subjects were asked to adjust the luminance at the border
between the two lines C, C* in such a way that it appeared equal to
that seen in b.
The onset time difference varied from 200 ms (cue
presented first) to 200 ms (line presented first). This
time difference was preset in a pseudorandom order.
The presentation of the observation panel (inset a) was
alternated with that of an adjustment panel (inset b). In
this panel, a pair of lines was presented which was
broken down into 16 segments (see figure caption).
These segments were presented sequentially, generating
phi-motion with seven different velocities as specified in
the figure caption. Observers adjusted the phi-motion
until it appeared equivalent to the motion seen in the
line. The presentation of sequences with line motion
and those with phi-motion was alternated until observ-
ers pressed a button indicating that they considered the
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velocity of phi-motion to correspond to that of the
observed line motion.
The results are shown in Fig. 5. Plotted as a function
of onset time difference between target and cue or mask
(inset a), they are not given as angular 6elocity but as
1:angular 6elocity (left linear ordinate). This also al-
lowed us to plot angular velocities close to infinity with
sufficient resolution in the same diagram as the other
angular velocities. To illustrate the angular velocities
involved, they are indicated on the right, nonlinear
ordinate.
Whereas the diagram in Fig. 2 illustrates the conse-
quences of bottom-up visual focal attention (negative
time differences) and metacontrast (positive time differ-
ences) on the perceived intensity of the target, the
diagram in Fig. 5 does the same for the line motion
illusions. These motion illusions are the consequence of
modified latencies of perception. The data for negative
onset time differences (cue presented before target)
correspond to the classical line motion illusion. They
are similar to the findings of Hikosaka et al. (1993) and
Steinman et al. (1995): the motion appears to be in the
direction away from the cue, which shows that latencies
are shortened (positive sign) in those parts of the line
close to the cue. The illusion is already strong at rather
short cue lead times (20 ms), and remains significant at
a cue lead time as great as 200 ms [ANOVA: F(8,24)
34.47, PB0.00001, LSD (200 ms:0 ms): PB0.0001].
The right part of the diagram illustrates the data
corresponding to the metacontrast motion illusion. Mo-
tion here is in the direction toward the mask, indicating
that latencies are prolonged (negative sign) in those
parts of the line close to the mask. Here, too, the effect
is already strong at a time difference of 20 ms, and
reaches at a maximum at 50–100 ms. In contrast to the
line motion illusion, metacontrast motion is signifi-
cantly reduced at onset time differences near 200 ms
[LSD (200 ms:100 ms): PB0.05; LSD (200 ms:50 ms):
PB0.001]. The function shown for positive onset time
differences is consistent with the function for metacon-
trast masking in Fig. 4. This correspondence supports
the view that the same mechanism might be responsible
for both phenomena, metacontrast and prolongation of
latency which induces the motion illusion. To corrobo-
rate the assumption it would be worthwhile to modify
certain stimulus parameters and then determine
whether metacontrast and latency both respond to
these modifications in the same manner.
4. Discussion
4.1. Models of metacontrast masking
Since metacontrast masking was first discovered at
the end of the last century, it has remained unclear how
a stimulus presented at a certain time can possibly
‘catch up’ with the perception of a previously presented
stimulus in order to suppress it (Breitmeyer, 1984;
Dennett, 1991). There have been a number of attempts
to explain this phenomenon. These models usually as-
sume two parallel channels of processing, in which the
signals of the mask, which is shown later, inhibit the
signals of the target, which is shown first. In one type of
model this becomes possible because activation is con-
sidered to be a relatively slow process, whereas inhibi-
tion is considered to be faster (e.g. Weisstein, Ozog &
Szoc, 1975; Francis, 1997, 1998). A different type of
model was suggested by Breitmeyer and Ganz (1976). It
is known that, beginning in the retina, two parallel
pathways carry information to the brain: a faster chan-
nel which generates transient signals (the so-called M
pathway) and a slower channel which generates sus-
tained signals (the P pathway). Breitmeyer and Ganz
assume that for perception in metacontrast experiments
the slower P channel is relevant, and that this channel
in metacontrast experiments is inhibited by the faster M
pathway. More models of metacontrast are discussed in
detail in Breitmeyer (1984) and Bachmann (1994). Since
in these models the aim is not to connect the phenom-
ena of cue-induced visual focal attention and metacon-
trast, they will not be considered here. Our model is
limited to the phenomena analyzed in this paper.
4.2. A model on ‘bottom up’ 6isual attention and
metacontrast masking
The phenomenon of ‘bottom-up’ cue-induced focal
attention is the point of departure for our consider-
ations about the model. When a cue is presented on a
homogeneous background and a subsequent stimulus is
presented nearby within a time span of 200 ms or more,
this second stimulus is detected with a shorter latency.
We hypothesize that the cue generates two types of
signals: one leads to perception of the cue and is thus
suprathreshold. The second develops more slowly and
lasts longer, but is not consciously perceived and hence
is subthreshold. The second type of signal spreads
outwards into regions associated with other retinal sites
even more than 10° away from the cue, and modifies
latencies for stimuli presented at those sites.
The subthreshold-type signal mentioned above would
explain how signals from a mask can catch up with
those of the previously shown target. Because the target
creates a focus of attention in those regions of the
projection centers which correspond to retinal locations
onto which the mask will later be presented, the pro-
cessing of the mask-induced signals is accelerated.
Indirect evidence suggests that the mechanism under-
lying this latency reduction consists of a depolarization
of the affected neurons. We assume that if the resting
potential has moved closer to the threshold, any incom-
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ing signal can reach threshold more rapidly. A similar
model has been suggested to explain the phenomenon
of express-saccades (Carpenter & Williams, 1995;
Kirschfeld, Feiler & Wolf-Oberhollenzer, 1996).
If we assume that there is lateral depolarization we
arrive at the following model of metacontrast masking
which is capable of explaining how signals of a later
given stimulus can catch up with those of a stimulus
given previously (Fig. 6): When a cue — or a target T,
which amounts to the same thing — is presented at the
time tPresentation (Fig. 6A), a signal is sent to the cortex,
where it triggers another, rising signal which eventually
reaches the threshold for spike generation tThreshold and,
after an unknown delay, leads to perception of the
target. The same thing would happen if a mask M were
presented without a target (Fig. 6B). But when both
target and mask are presented, the sequence of events
diagrammed in Fig. 6C take place. Here we see that the
target generates not only the signal that eventually
leads to its perception (Fig. 6C top) but also a signal
that, though not perceived, reduces the gap between the
resting potential and the threshold of the neurons in the
vicinity of the projection region of the target (blue area
in Fig. 6C middle). This means that when the mask is
presented after the target, the signal it triggers does not
begin its ascent from the ordinate 0, but from a higher
level. Hence, the threshold of the mask is reached
sooner (cf. Fig. 6B with C). When metacontrast mask-
ing occurs, on the other hand, the neurons in the
vicinity of projection centers of the mask will be hyper-
polarized instead of depolarized. Therefore the time to
reach the threshold for spike generation (and percep-
tion) will increase, rather than decreasing as would be
the case with bottom-up focal attention.
The interpretation of attention and metacontrast
given in this paper leads to the prediction that moving
optical objects are perceived with shorter latency due to
‘bottom up’ visual focal attention, and that blurring
should be reduced due to metacontrast masking. That
this is indeed the case has been shown in a separate
paper (Kirschfeld & Kammer, 1999). We expect that
measuring activity in the visual cortex with dc-amplifi-
ers under adequate stimulation should make it possible
to measure de- and hyperpolarizing voltages. With in-
tracellular recordings in cortical neurons Bringuier,
Chavane, Glaeser and Fre´gnac (1999) were able to
show that there are subthreshold depolarizing responses
surrounding the classical field defined by spike activity.
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